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ABSTRACT 

An experimental and computational analysis was made of 
the strain field around a reinforced circular hole in four 
HMF330/34 graphite/epoxy panels under uniaxial tensile loading. 
The basic panel was a 10.0x26,0 in, eight ply, quasi-isotropic 
0/±45/90 cloth laminate. Each panel was reinforced during 
manufacturing by co-curing two circular plies of the same 
material to each side of the panel. A circular one inch hole 
was drilled concentrically through the laminate to provide 
a stress concentration. Four different reinforcement geometries 
were used: a combination of C±45,...lg or ID / 90,... Is additidnal 
plies with the total reinforcement volume equalling 163 or 203% 
of the removed hole volume. A prior investigation of similar, 
but asymmetrically reinforced panels demonstrated only a 5 to 
12% improvement in ultimate strength compared to an unreinforced 
panel. The symmetric reinforcement reported here provided an 
improvement of 29 to 40%. A finite element analysis was made 
and found to be in excellent agreement with the experimental 
results. 
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I- INTRODUCTIDH 



In the 1930 *s high modulus, advancsd composite materials 
are seeing more use in aerospace structural applications 
than ever before. Their superiority to the metals they 
replace has been well documented, Howaver, until quite 
recently designers have bsen reluctant to use the most 
valuable characteristic of laminated composites: their 
directional properties. When faced with typical design 
unknowns, the choice is usually to take a weight penalty and 
add additional laminate plies. This added weight can be 
very costly in some applications; other methods must be 
sought if composites are to fulfill thair potential. 

Advanced composite materials, carbon/epoxy (C/Ep) and 
graph ite/epoxy (G/2p) in particular, are seeing increased 
use in the production of aircraft, missiles and space vehi- 
cles primarily due to advantages in weight, stiffness and 
thermal properties. A few hundred pounds of saved weight in 
a commercial airliner or military tactical jet can be worth 
millions cf dollars in reduced life-cycle cost. Additional 
weight reductions are possible by using the directional 
properties of composites and by placing reinforcement prop- 
erly at areas of stress concentrations. This report 
examines one aspect of using these geometric and directional 
properties applied to reinforcing around cutouts in G/Ep 
plates under uniaxial tension. 

Difficulties in development, manufacture and quality 
control have been the primary factors responsible for the 
high cost of composites. As pointed out by Delmonte [Ref. 
1], the decreasing cost of the composite prepreg material is 
approaching the increasing cost of aircraft grade metals. 

The F-18 and AV-8B are examples of flight vehicles with 
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significant percentages of primary structure fabricated from 
composites. The decrease in overall weight and increase in 
performance and life-cycle savings offset their higher 
initial cost. A significant further weight saving, even in 
these aircraft, could have been accomplished with a mor* 
agressive design. It will take a number of years and, no 
doubt, a few mistakes to fully utilize compoeite materials* 
potential. The Army's Advanced Composite Airframe Program 
(ACAP) is an example of advanced design with compcsitas. 

Well over 90% of the primary and secondary structure of the 
two current competing designs are either Kevlar, fiberglass 
or carbon/graphite composites [Ref. 2 & 3]. 

Until recently the majority of applications of compos- 
ites has been limited to those in which the laminate 
properties closely resemble those of homogeneous, isotropic 
materials such as metals. Simple geometric designs 
utilizing quasi-isotropic laminates have been preferred, 
according to Tsai * Ref. 4], because they are easier to 
understand and their behavior is easier to predict than that 
of directionally oriented composites. The inability to 
accurately predict every loading condition has made designs 
very conservative. These safety considerations have 
resulted in an overdesign of parts in order to guarantee 
adequate strength under "unpredictable" circu mstances [Ref. 

5 & 6 ]. 

In aircraft construction it has always been necessary to 
have holes and cutouts in load carrying structure. An 
aircraft wing spar, for example, requires access holes for 
control rods, fuel lines, and electrical wiring. The pres- 
ence of these stress concentrators requires that either the 
entire member be designed accept the increase in local 
stress or that reinforcement be applied around the areas 
experiencing higher stress. The first method requires an 
excessive increase in weight, the second, more expensive and 
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time-consuming analysis ani manufacturing techniques. This 
report examines the effect of reinforcing around a hole to 
reduce the local stress. In applications where light weight 
and high strength are required at some cost in ease of manu- 
facture, this seems to be a promising avenue of research. 

A. RECENT RESEARCH 

When the current research into the effects of stress 
concentrations in composite materials was reviewed little 
could be found in the area of reinforcement of holes or 
cutouts. There are, however, a number of related reports 
covering the effect of loaded and unloaded holes in 
composite plates. 

Several studies by Rowlands, Daniels and whit«aside 
[Refs. 7-9] have found that the manner of diffusion of 
strain around a hole in a composite panel was dependent on 
the material properties of the laminate. It was noted that 
the nondimensional hcle-dia meter-to-panel- width ratio (d/b) 
did not affect the maximum value of the stress concentration 
factor (SCF) , but it did affect the slope of rhe stress 
gradient near the hole. Smaller d/b ratios have higher 
stress gradients close to the hole. The effect of the 
stress concentration dies off more rapidly with decreasing 
hole size. The laminate’s stacking sequence was found "^0 
have a major effect on the diffusion of stress around a 
cutout in a orthotropic panel. Konish [Ref. 10] also noted 
that the SCF for a quasi-isotropic material was approxi- 
mately three; however, he states that SCF is not an adequate 
measure of strength of a composite laminate containing a 
circular cutout. He pointed out that for a laminate wi-*:h 
plies only in the direction of the applied load the 
theoretical SCF approached seven. Further he states that 
the strength of a composite plate with a hole appears to be 
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related to tha ”in-plane elastic stress with!?, a region 
adjacent to the hole boundary". 

The hole-size effect is also discussed by Daniel, et al 
[Ref. 7], and Waddoups, at al [Ref. 11]. They show that a 
hole diameter of 1.0 inch in a panel with dimensions to 
produce d/b of less than 0. 4 reduces the SCF in composites. 
This reduction is somewhat misleading because it comes from 
increasing the far field stress rather than reducing stress 
next to the cutout. Smaller holes increase the SCF, while 
larger holes increase the d/b ratio which reduces the area 
over which the stress can diffuse around the hole, rhus 
reducing the SCF. 

Due to their inherently brittle nature advanced comoos- 
ites tend to be highly sensitive to stress raisers. They 
have demonstrated, however, higher than predicted ultimate 
strength. This is generally attributed to load transfer 
amoung fibers during strain induced failure and interlamina 
shear behavior. 3arbo states [Ref. 12] that his panel 
strengths w®re 25 to 50 % higher than theoretical stress 
concentrations would indicate. For orher rhan uniaxial 
loads failure was shewn to initiate at locations away from 
peak stress concentrations. He stated "...laminate failure 
is predicted by comparing elastic stress distributions with 
material failure criteria on a ply-by-ply basis at a charac 
teristic dimension away from the hole boundary." Whitney 
[Ref. 13] discusses the cha racterist ic distance (do) which 
is the distance away from the discontinuity where the 
strength is egual to that of the unnotched panel. This 
distance is sufficient to contain an "inherent flaw" in the 
material where failure can initiate; and therefore, the 
concept of predicting the strength of a brittle material at 
a single point seems questionable. A study by Bailie, et a 
[Ref. 14], showed that strain gages near a hole demonstrated 
nonlinear responses at 80% of the failure stress which were 
associated with "highly localized fiber and resin damage". 
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The inherent non homogeneity (arting somewhat like flaws 
in metal) of nulti-directit nal composite laminates suggests 
to Kim [Ref. 15] that the first ply failure (???) is depen- 
dent on the type Laminate, material properties, and residual 
stresses within the laminate. Premature FPF can be caused 
by residual stresses remaining from the curing process, but 
the FPF does lot lead immediately to panel failure. The 
ultimate panel failure is invariably preceded by the failure 
of weaker plies, plies oriented in the direction of load, 
and interlaminar load transfer when possible. 

The reinforcement of notches in composite pan-^^ls by the 
use of G/Ep rings has been investigated by McKinzie [Ref. 

16]. Some of the problems associated with asymmetric rein- 
forcement and separate curing of panels and reinf orcemen-s 
were discussed. Whiteside, Rowlands and Daniel [Ref. 7] 
investigated the benefits of different materials, lay-ups, 
panel thichness, and compared effects of circular to ellipic 
holes as well as the effects of hole edge roughness. The 
actual use of reinforcement was not studied; however, they 
showed that doubling of thicknesses for panels with holes 
produced improvements of only 20% in strength over single 
thickness panels. A study of the effects of asymmetric (one 
side only) reinforcement of panels with cutouts under 
tension was made by 0*Neill [Ref. 17]. His work led 
directly to this study, and will be discussed below. 
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II. OBJEC TIV ES scope 

The objective of this i nvestige ti on was to determine th* 
benefits of symmetric reinforcement of a quasi-isotrcpic 
G/Ep panel containing a stress conn entration due to a 
drilled circular hole. This study was suggested as a 
continuation of an investigation of asymmecric reinforcement 
of the same type panels by O’Neill [Ref. 17], Initially, 
asymmetric reinforcement was considered desirable from the 
point of view of the ease of manufarture. Reinforcing only 
one side of the panel circumvents some problems in mating it 
to other parts and allows manufacturing (layup) of panels on 
flat metal sheets. The strength of the asymmetrically rein- 
forced, notched fanel was found to be only 5 to 12% greater 
than that of a similar but unreinforced panel. This small 
improvement, in light of the small sample size and possible 
experimental error, may represent very little actual 
improvement. Certainly, based on any cost (of manufacture) 
to benefit ratio, there was no improvement. The concept of 
cutout reinforcement was narrowed to symmetric (both sides 
of a panel) by O’Neill. 

From the standpoint of weight, a reinf orcemen t should be 
a small percentage of the component’s total weight. k good 
measure of weight reduction is the ratio of reinforced to 
unreinforced panel weight for the same stress (or s-^rain) 
concentration around a cutout. Obviously adding additional 
plies over the whole surface will increase the area over 
which the load must act and reduce average stress. This, 
however, puts a lot of material where it is not needed. By 
selectively adding material around the the hole stress 
should be reduced with only a small increase in weiaht. 

This approach would seem to have merit only if there is 
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significant stress reoactinn, ius to the increase in manu- 
facturing and quality assurance costs. Any competitive 
design must satisfy the scrutiny of a cost/fcenef it analysis. 

O’Neill attributed asymmetric reinforce ment ’ s small 
effectiveness to possible delamination near the ultima*e 
load due to induced curvature [Ref. 17: pp 9 3-4]. He found 
significant differences between front and back surface 
strains close to the notch, indicating that the panels 
deflect away from the reinforced side at the hole. The 
reinforced side being stiffen than the unreinforced (back) 
side caused this bowing of the panel. The stress araiient 
through the thickness of the panel at the edge of the hole 
was from high tensile stress on the back side to lower 
tensile stress on the reinforced side. This induced an 
additional interlaminar shear superimposed over tha* 
expected due to differing adiacent ply orientations. 

To avoid the induced curvature and associated premature 
dslamination problem, symmetry was recommended. Symmetry 
for this investigation was achieved by co-curing identical 
reinforcements on both sides of the panels. Submerging "he 
reinforcement layers below layers of che laminate to gain 
symmetry was considered, but the added problems of verifvina 
the reinforcement ply orientation and the curvature of •^he 
outer layers over the reinforcements caused rejection of 
this option ii favor the ’’wedding cake" gsomenry. 

A. PANEL REINFORCEMENT CONFIGURATION 

This investigation considered four configurations of 
reinforcement. These circular reinforcements consisted of 
two small, circular, concentric plies added to each side cf 
a basic quasi- is otro pic G/S p panel with a centrally located 
one inch diameter hole through the thickness of the panel. 
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Figure 2 
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The center of the hole was designated the axis origin. 
The X axis extends horizontally across the width of the 
panel; the Y axis extends vertically upward in the direction 
of the applied tension. The reinforcing plies were centered 
on the hole center. Figures 2.1 and 2.2 show the cross- 
sections of the two reinforcement configurations. In each 
case the reinforcements consisted of two plies on each side 
of the panel. The reinforcing ply next to the base panel 
surface had a 1 . 25 inch radius. For Type 1 reinforcements, 
the outer ply had a 0.75 inch radius, while the Typo 2 rein- 
forcements had an outer radius of 1.0 inch. Each type of 
reinforcement was manufactured with two reinforcement orien- 
tations: "A” reinforcements were oriented ±45^ to the load 
axis, while "B” reinforcements were orien-*-ed 0/90®, O’Neill 
analyzed these configurations, but did not test them 
experimentally. 

Computational and experimental methods were used which 
closely (if not exactly) followed procedures used in 
Reference 17. Where deviations have occured, they are noted 
and explained. This investigation did not try to reiterate 
theoretical and computational analysis previously done, but 
does reference materials published since that study was made 
and elaborates upon areas researched further. Panel dimen- 
sions and construction details are discussed in Section 
IV. A. 
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Figure 2.2 Reinforcement Configuration, Type 2. 
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Ill, COHPar ATiqNA L analysis 



The panel laminate was analyze! using both Dpen and 
closed form methods. Standard laminate analysis using 
Tsai*s approach [Ref. 4] determined the material proprieties 
of the panel in the guasi-isotropic (far-field) area and in 
the area close to the hole which included the co-cured rein- 
forcement. A finite element analysis was made of each of 
the four panels using DIAL, a versatile code developed by 
Lockheed Missile S Space Company (LMSCl , Sunnyvale, CA [Ref. 
18]. 

A. LAMINATED PLATE ANALYSIS 

The material properties of cured HMF 330/34 graphite/ 
epoxy cloth prepreg used in the computational and 
experimental analysis are given in Table I. It should be 
noted that E1 and E2 refer to the moduli in the principal 
ply direction (1) and 90® to it (2i in the ply coordinate 
system, and that Ex and Sy refer to the laminate coordi- 
nates. The material properties of cloth differ markedly 
from those of taps 90® to the principal axis due to the 
influence of the crossply (woven) fibers. Even in cloth 
material there is some difference between El and E2, prima- 
rily determined by the fiber to matrix ratio and the weaving 
process, composite cloth prepreg is not, in itself, quasi- 
isotropic despite the nearly equal moduli E1 and S2. The 
shear modulus (G) is too low; quasi-i sotropic properties in 
composites are a result of an equal angular distribution of 
ply principal directions: [0,±45,90]s or [0,±60]s. 

The four test panels were supplied by LMSC who also 
provided preliminary data on the material. Subsequent 
testing demonstrated that the cured panels had a slightly 
lower modulus (about 9 %) than LSMC predicted. The initial 
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material properties were revised and subsequently demon- 
strated excellent correlation between closed and cp<=^n form 
analysis and the experimental results. Any effect cf the 
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basic panel. The other two configurations represent the 
basic panel combined with reinforcement plies close tc the 
cutout. Panels 1A and 2A ( [ 0 , 90 , 5 , 90 ]s) have higher 
moduli except in shear. Panels IB and 2B {[ , 0 , ±45, 90 ]s) 

have equal moduli in the X and Y direction but are much 
stiffer in shear. This difference in sh^ar modulus may be 
seen in the photoelastic photographs of each panel under 
stress as well as the finite element generated contours of 
strain in Appendices A through D. 



23 







AAAlliLi.it i 




TABLE II 

Material Properties of The Laminate 



Laminate 


No. of Plies 

E X 

0/90® ±45® 


Ey 


Gxy 


vxy 


Remarks 


[0,±45, 90]s 


4 


4 7.03 


7.03 


2.83 


0.2 44 


Base Panel 


[0,90,0, ±45 


,90]s 8 


4 8.06 


7.74 


2.22 


0.154 


"A” Config. 


r±45,0,±45. 


90]s 4 


8 6. 00 


6.00 


3.43 


0.3 54 


"3” Config. 






(Modulus x1 


0* ps 


i) 







Note: The base panel properties exist everywhere cn the 

? anel exceot at the reinforcement around the cutout. 

he ”A” and configurations are the proper-^ies 

immediately next to the cutout where the reinforcement 
is two plies thick on each side. 

Because of the discontinuities in material prooerties 
and laminate thickness it is not currently possible to 
analyze these panels using the closed form mathematics 
presented by Sarbo and Ogonowski for plain panels with 
circular cutouts [Ref. 12]. 

B. FIHITE ELEMENT A NIL! SIS 

Experimental tests are both expensive and time 
consuming. If it can be shown that panel reinforcement can 
be successfully modeled, then optimization can be accom- 
plished using numerical methods and only the final 
configurations n«ed to be built and validated experimen"^- 
ally. It has been pointed out that closed form solutions do 
not exist for laminated panels in these reinforced configu- 
rations. Finite element analysis was required to predict 
the panels* response to a uniaxial tensile load. A finite 
element anlaysis system named DIAL developed by LSMC 
Structures Orginization was used in this analysis. 



DIAL is a general parpase two- and three- dimension? 1 
finite element analysis system. It consists of a family of 
independent programs (execatable modales) called processors. 
The processors read and write to a lata base established for 
each problem. The processors are executed in a logical 
order and may be rerun individually without restarting “he 
analysis from the beginning. DIAL'S library of elements 
consists of multi-order isoparametric solid and corre- 
sponding degenerate curved shell and plate elemenos. The 
material library can handle general anisotropic linear 
materials, isotropic elastic-plastic , nonlinear elastic 
orthotropic, isotropic incompressible, etc. An ex“ensiv» 
library of post- processing routines allow for analysis of 
developed data and plotting in a wide number of modes. The 
analysis required for a notched panel under uniaxial tension 
was relatively simple. The panels' geometry was defined by 
generating a "mesh”, the material properties of each ply 
were specified, the loading conditions were applied and the 
results tabulated and plotted. 

1 • Finite S lament Mesh Ge n e rat i on 

A two-dimensional modified thick shell isoparametric 
quadrilateral element was chosen as the best in terms of 
accuracy and computer time to develop the mesh. The element 
has a node at each of the four corners and one on each 
element side allowing a parabolic represent ac ion . This mesh 
was an improved version of the one O'Neill developed. An 
effort was made to keep the interior angles of the element 
as equal as possible to increase the accuracy. Figure 3.1 
shows a typical mesh for the panel. Taking advantage of 
symmetry, only the upper right quadrant of each panel was 
modeled. Figure 3.2 is the mesh closer to the cutout 
showing the node numbering method and the element modeling. 



25 



Figure 3.1 Panels 1A and IB Shell Element Mesh. 



26 



wirhoa^ 



In order to increase the density of the nesh 
drastically increasing run times nodal degrees of freedom 
were reduced. Since the panels wers symmetric through the 
thickness, out of plane deflections (Z direction) were 
suppressed. Several test runs demonstrated that nodal rota- 
tion was virtually nil. Supressing these rotations reduced 
run time by about 80^. 

Materi al Definition 

Material definition follows the method of superposi- 
tion. The material properties of a single ply of G/Ep cloth 
are first defined (see Table I). Then the number of plies 
and ply orientation for each element is combined using 
linear laminate theory. This is done in the DIAL "MATL" 
processor. In this manner each element of the mesh may be 
assigned specific properties. 

2 • P ost -P ro cess ing 

The parabolic isoparametric element produces stress 
and strain reactions at four Gauss points in the element 
interior. These points were somewhat off the true X axis. 

A DIAL routine was used to extrapolate values at the Gauss 
points to nodes on the X axis (Y=0| . The strain field in 
each panel was calculated and plotted using contours of 
strain in the X direction, Y direcrions and in shear (eps-X, 
eps-Y and eps-XY), These conrour plots are included in 
Appendicies A through D, Figures A. 9-11, B. 13-15, C. 13-15 
and D. 13-15. Table III lists the maximum and minimum values 
of micro-strain in each panel as calculated by the finite 
element program. It is interesting to note that the "A" 
configuration (0/90® reinforcement) induces relatively high 
shear strains. Also, note that the difference in maximum 
tensile strain in the Y direction between the 153?o and 206 '!d 
reinforced cutouts in both the ”A" and "B" conf igura‘*'ions is 
less than 2 %, 



27 




Figure 3- 2 



Shell Elements Near the Cut-Out. 
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TABLE III 

Comparison of Finite Element Computed Strain 



Strain : 


ep 


s-Y 


eps- 


X 


eps-XY 




MIN 


MAX 


MIN 


MAX 


MIN 


MAX 


P an e 1 1 A 


0 


3400 


-1145 


325 


-681 


3226 


Panel IB 


0 


3575 


-1559 


368 


-439 


2235 


Panel 2A 


0 


3335 


-1134 


317 


-675 


3150 


Panel 2 3 


0 


3525 


-1526 


360 


-444 


22 02 


Note: 


St r a in 


is shown 


in micro- 


strain 


(eps X 


106) 
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17. EXP BRIMEHTAL A LYSIS 



The objectives of the experimental testing were to 
verify analy**'ical and computational results. A comparison 
could then be made between computational and experimental 
results for the symmetric and assymatric methods of rein- 
forcement. All four of the symmetric reinforcement 
configurations analized by the DIAL finite eiem^-nt program 
were experimentally tested, 

A. PANEL SELECTION AND CONSTRUCTIDN 

The basic panel dimensions and Layup were replicas of 
the panels tested or analyzed by O’Neill [Pef. 1^: p 56], 

The dimensions are shown in Figure '4.1. The layup of th* 
basic panel consisted of eight layers of HMF 330/34 graphite 
epoxy cloth. The orientations of the plies was [0/±45/90 ]s, 
to produce a thin, high strength panel with quasi-isotropic 

V 

properties. The panel dimensions (thirhness, length and 
width) and hole size were chosen so as to be the same order 
of magnitude as an actual airframe component. The rein- 
forcement plies were of the same material, and were co-cured 
along with the basic panels during manufacture. This was 
done in lieu of reinforcing a cured specimen in order to 
avoid bonding problems and the possibility of non-uniform 
curing of the reinforcement plies. A tooled surface was 
necessary during the manufacture of the panels to allow the 
placement of the reinforcement on the underside of the 
panel. A flat steel plate was machined to the required 
depth and geometry. This method produced a panel with a 
smooth (plate side) surface on one side and a rougher (bag 
side) surface on the other. The dimensions of the 
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Figure 4.1 Basic Panel Dimensions (in inches) - 
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rs inf orcements were cut into the steel plate at right angles 
into the surface (see Figs. 2.1 ani 2.2). 

B. TEST APPARATUS AND PROCEDURES 

The testing procedures and equipment setup were designed 
to produce the same conditions used in O'Neill’s tests of 
the asymmetrically reinforced panels. One difference in 
testing was the use of a photoelastic plastic coating on one 
side of the panel. The panels were all loaded in the test 
machine belcw the level of any fiber failure for several 
repetitions in order to take preliminary data and experiment 
with the photoelastic material measuring procedures. The 
number of loading cycles in each case was less than ten, 
well below the number which might cause any fatigue damage. 

1 . Appara tus 

A Riehle PS 300 test machine was used to apply 
uniaxial tension to each panel. To distribute the load 
across the width of the panel's top and bottom a ’’whiffle 
tree” attachment device was used. The device was designed 
and built by O'Neill and was used in an identical manner 
(see Fig. 4.3). 

The test panels were bolted to the whiffle rree and 
then secured in the Riehle’ s tension jaws. Eight belts 
torqued to 100 in- lbs held the plates to the panels, and 
four bolts transferred the load from the whiffle tree to the 
plates. The whiffle tree was designed to withstand 100,000 
lbs load in order to test the unnotched panel during the 
asymmetric testing. The unnotched sample was expected to 
fail at around 67,000 lbs and actually failed at 65,000 lbs 
allowing for greater than 50 % safety margin. The attachment 
device was constructed using 4130 steel, and all the bolts 
were high strength, close tolerance steel bolts. 
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Figure 4,2 Test Apparatus. 
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2 . 



Instranent at ion 



Two methods of acquiring straii data from tha test 
oanels were used. Strain gages wera applied to one side of 
the panel and contourable photoelastic plastic was bonded to 
the other. It was thought that the redundancy of data 
obtained would provide a cross-checlc to verify the results. 
The photoelastic coating would also provide photographic 
evidence of the strain distribution around the cutout. 

a. Strain Gages 

Vishay Micro-Measurements 120, 350 ?nd 5000 ohm 
strain gages were used to measure the strain a^ points of 
interest. 0*Meill*s study showed that asymmetric reinforce- 
ment configurations had induced curvarure near ^he hole, 
with a resultant strain gradient through the thickness. For 
this study, since both the base panels and the reinforce- 
ments were symmetric there were no our-of-plane deflections, 
and strain was constant through the thickness at any point. 
Thus strain gages could be applied to only one side of the 
panel without loss of data. 

Strain gages were concentrated along the X axis, 
(perpendicular to the load direction) , primarily oriented in 
the load direction (see Figs. A-D.1 and Tables 7I-IX in the 
appendicies) . Small strain gages (3.03 in. along a side) 
having 5,000 ohm resistance were placed closest to the hole 
and on the reinforcement layers. The 5 ,000 ohm gages were 
chosen to minimize problems due to self-heating and apparent 
strain drift. Sullivan discusses this phenomena in his 
study of plates under compressive loading [Ref, 21], The 
small gage leigth was chosen because the overall error for 
integrating strain gradient is proportional to the gage’s 
length. Reference 22 discusses methods of measuring high 
strain gradients around stress concentrations and the errors 
which may occur. 
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Figure 4.3 Tension Attachment Device with Panel 1A. 
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The number of gages, thsir type and location 
varied with each panel. As experience was gained from *-he 
preceding panels, the best location and type gage was sought 
for the strain distribution and laminate layup. 
Standardization of strain gage locations amona the panels 
was not used due to different reinforcement sizes and layup. 
A close approximations of gage locations was attempted to 
facilitate comparison of data. The information for each 
panel gage layout is given in Tables 7I-TX, and Figures 
A-D. 1 , in the appropriate appendix. 

b. Strain Gage Measurements 

A Vishay Measurements Group System '4000 was used 
for strain gage scanning, data recording and reduction. The 
system consisted of a Hewlett-Packard 9825T desktop computer 
with a controlling software program, and five Vishay 
Measurements Group Model 4270 Strain Gage Scanners mount-d 
in parallel resulting in a one hundred channel capability 
(see Fig. 4.2). The system was used with automatic tempera- 
ture compensation channels for the different types of strain- 
gages. Channel assignment and gage factors for all the 
gages were initialized, and all rossettes designated. The 
system recorded and reduced all data when commanded. It is 
capable of automatic (at set time intervals) data recording, 
but that feature was not utilized for this experiment. 
Instead, data was taken on command at fixed load intervals. 

c. Photoelastic Coating 

Due to the reinforcement peomstry around the 

I 

hole it was necessary to use a contourable photoelastic 
coating. Its thickness was chosen to give a good color 
definition and not significantly add to the reinforcement. 
The material has a nominal modulus of 420,000 psi. The 
procedures specified by the manufacturer for casting and 



36 



application were followed 'Ref. 23], The thickness of 
photoelastic coating was kept to a aiinimura to prevent any 
significant reinforcement to the conposite material. The 
first two panels, 1A and 2A, received coatings approxi- 
mately 0.080 in. thick, while the last two panels' coatings 
were reduced to 0.060 in. as the experimenters* abiliti«--s 
increased with experience. The photoelastic plates were 
bonded to the panels with a reflective, epoxy clue. 

d. Photoelastic Heasurement Equipment 

A Photoelastic Reflective Polariscooe, Model 
030, from Photoelastic Inc. was used to make strain measure- 
ment from the photoelastic coating. The Basic Analyzer, 
Model 031, consists of two ball bearing mounted 
Polarizer-Quarter Wave Plate Assemblies attached to a common 
frame, and mechanically connected so as to rotate in unison. 
The assembly was equipped to receive the (polarized) light 
source and accessories for measuren ents of s-rain (see 
Figure 3.7). The Basic Analyzer measures thr*e major pieces 
of d a ta : 

1. The directions of the principal strains or stress, 

2. The magnitude and sign of the tangential stress at 
free boundaries, or in any region of uniaxial stress 
condition. 

3. The magnitude of the difference of the principal 
strains. 

Ii order to separate the principal strains, an 
Oblique Incidence Adapter, Model 033, was used. The Oblique 
Incidence Adapter attached directly to the Basic Analyzer. 
With the two measurements obtained (normal and oblique inci- 
dence) and the two unknown principal strains, the equations 
can be solved for principal strains as is detailed in 
Reference 24, 
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Figure 4.4 



Photoelastic Reflection Polariscope. 
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3. Test Procedures 



The procedures used to obtain data for each of the 
four panels are outlined below. These were ider.'^ical to 
those used in the asymmetric panel testing with the excep- 
tion of the photoelastic procedures. 

1. The whiffle trees were attached to the panel to be 
tested. The upper whiffle tree was clamped in the top 
jaws of the Riehle Machine, and the strain gage lead 
wires connected to the System 4300. With the panel 
hanging freely, initial gage calibration and zero strain 
readings were recorded. The photoelasric coating was 
examined to insure that a uniforn, zero loading was 
present. 

2. The lower whiffle tree was clamped into the Riehle 
Machine, and the panel was slowl/ loaded to 2,500 psi. 

Any slippage or slack was taken out of the system and the 
load set to an initial 2 ,500 psi. 

3. A-s load was increased, strain gage readings and color 
pictures of the photoelastic coiting were taken every 
2,500 psi. The panels were slowly loaded until the first 
audible breaking of fibers in the panel was heard. 

4. The load was reduced to 2,533 psi and the camera 
reloaded with black and white film for pictures with a 
monochromatic filter. 

5. The panels were again loaded in 2,500 psi increments. 
As the strain near the edge of the hole approached 1% 

(the anticipated upper limit of the strength of the 
panel), data was recorded every 1,000 lbs without 
stopping between load increments. 
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6. The load level of first audible fiber breaking and 
any other significant -information were recorded. 

7. The loading continued in 2,500 ?SI increments until 
failure occured. 

Since the panel was not cf uniform thickness it was 
decided to normalize the load by area to pounds per square 
inch (psi) rather than use the pounds per inch (stress 
resultant) normally referred to in plate theory. The pounds 
per square inch loading refers to the load applied along 
top and bottom of the panel. The same problem arose when 
trying to relate stress over a plate cross section whose 
thickness was varying (at the cutcuo 90° to rhe applied 
load) to the strain gradients. Since strain is "-he quantity 
easiest to measure experimentally it was used as the prin- 
cipal means to compare the panels. 

C. SXPERIHEHTaL RESULTS 

^ • Rgs vme t r ic Reinforcement Ri§ult s 

The average failure load for the two unnotched 
samples tested by O’Neill was 65,000 lbs. (53,036 psi.). 

The average failure load for the two notched but unrein- 
forced panels was 36,000 lbs. (32,1'43 psi far field stress) 
with the extrapolated strain at the edge of the hole being 
about 10,000 nicrostrain or elongation. The ratio of the 
failure load for a panel with a cutout but not reinforced to 
the failure load for the unnotched panel (P/Po) was about 
55%. 

2. Symmet r ica l ly Reinf orced Panels Results 

The symmetric reinforcements provided significantly 
greater reinforcement than the asymmetric. No visible signs 
of deformation or buckling during loading were evident in 
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any of the panels; however, uneven Loading was noted on 
panel 2B as indicated by the photoelastic coatings and 
strain gage data. Like the asymmetric panels from Ref. 17, 
the panels from this study had the char acterist ic fiber 
cracking noises, but the onset was delayed somewhat. The 
first audible cracking occurred around 21,500 psi for all 
the panels. This cracking in the asymmetric panels started 
between 18, 750 and 20,500 psi. The first indication was a 
loud ”pop”, much louder than subsequent noises. The initial 
fiber (possibly an entire tow) failure was followed by 
softer but steady '* pings” of fiber failure. This noise 
level varied from low to moderate with sharp spikes of noise 
from loud ’’pops” of fiber breaking at occasional, seeminaly 
random intervals. 

All the panels failed suddenly with separation 
beginning at the point of maximum strain, at the edge of the 
hole 90® to the direction of applied load. There was 
evidence of delamination at that point extending 1/3 to 1/2 
of an inch into the laminate. Failures progressed from the 
edge of the hole horizontally to the outer edge of the 
panel. The failure lines were fairly straigh-^, coinciding 
with the X axis, except for two 30 degree crack diversions 
(see Figs. A. 3 and C.12). These are not considered signifi- 
cant, but are more indicative of the basic inhomogsneity of 
composite materials. 

The strain gage data was essentially linear to 
failure for 2l11 gages. Several of the 5 ,000 ohm gages near 
the hole failed prior to final panel failure. It appears 
that the backing material of these gages is too stiff and 
can not reliably accept more than about 7000 microstrain. 
Linear extrapolations were made for these gages to the point 
of final panel failure. It should be noted, however, that 
some non-linear behavior was demonstrated for gages in 
similar locations that did not fail just prior to panel 
fracture. 
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The phDtoelastic co atings provided excellent data on 
strain behavior near the stress concentration. Prior to 
failure, two of the coatings started to pull free around the 
edges of the panel but still provided good photographic 
results close to the cutout. Problems in obtaining accurate 
readings when using the Obique Incidence Adapter prevented 
the measurement of the principal strains from the photoe- 
lastic coatings at different locations on the pan<=l surface. 
Not enough contrast could be developed to accurately iden- 
tify the isochromatic lines. Monochromatic photographs did 
provide valuable evidence of the strain gradient near the 
cuto ut. 

a. Reinforcement Configuration 1A 

Panel 1A had the smaller of the reinforcement 
configurations with all layers oriented in the direction of 
the applied load (0/90®) . The panel failed at U2,590 psi 
which is a 33% increase over the unreinforced panel and 
gives a P/?c ratio of 73.4%. The strain gages functioned 
properly throughout the testing of this panel, and gave 
reliable data all the way to failure. The results shown in 
Fig. A. 3 display a linear plot of strain versus load for all 
gages until the fracture point is approached. Ex-^ rapclat ing 
data to the edge of the hole shows the strain to be approxi- 
mately 10,000 nicrostrain or about 1% elongation. The gages 
located at points of high stress gradients, i.e. near the 
hole or a reinforcement edge, have strain vs. load curves 
that appear to flatten out near fracture. Figure A. 2 plots 
the strain versus location along the X-axis at 10,000 psi 
far field stress. The plot shows a standard strain curve 
increasing rapidly close to the edge of the hole. 

The photoelastic material remained bonded to 
panel 1A throughout the testing. Photographs of fringe 
progression are provided in Appendix A, Figures A. 4-7. 
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During this initial test, monochromatic photographs were 
mads first and then color photographs were taken to failure. 
Monochromatic pictures were taken only up to ths point of 
first fiber failure (21,200 psi) , after which color photos 
were taken. In subsequent testing, the order of color to 
black and whits photography was reversed so that more 
pictures closer to failure could be included in this report. 

b. Reinforcement Configuration 2A 

Panel 2A had the larger of ths two reinforcement 
configurations with all layers oriented in the 0/90® direc- 
tion. This reinforcement provided a 40% increase in 
strength with a failure at at a load of 44,940 psi. P/Po 
for panel 2A was 77.4%. The first audible fiber breaking 
occurred at 21,512 psi. 

Ths strain gage closest to the hole failed 
during loading between 25,000 and 27,500 psi (last recorded 
data for gage no. 1 is at 2 5,000 psi) . The data from that 
gage was questionable throughout the loading sequence, and 
was not used for this analysis. Its initial readings showed 
a lower strain than the next neighboring gage which was 
farther from the hole. Estimated strain data for a gage in 
the same position provided in Fig. B.3. Extrapolating the 
more reliable data from other gages and the finite element 
solution to the edge of the hole snows that the strain was 
again about 10,000 microstrain or 1 S elongation for the 
0/90® reinforcement orientation. Plots of the data for this 
panel are provided in Figures B.2-3. 

In this test, the photoelastic coating star-^ed 
to separate from the composite panel in the upper and lower 
right corners, and separation progressed toward the stress 
concentration as the load increased. This detachment did 
not reach or affect the regions with high stress gradients, 
and therefore photoelasticity provided good data for 
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analysis. The photographs may be found in Appendix B, 
Figures 

c. Reinforcement Configuration 1B 

Panel 1B had the smaller of the reinforcement 
configurations with ±45® orientations. The panel failed at 
42,500 psi which represents a 32^ increase ov<»r the unrein- 
forced panel, and gives a P/Po of 73.2%. The first audible 
fiber breaking occurred at 21,339 psi. 

Again problems occurred with premature gage 
failures. Gages 1 and 13 failed daring initial testing at 
loads below 15,000 psi. Testing was stopped, and the gages 
were replaced. Gage 1 failed again at over 11,047 micro- 
strain, between 35,000 and 35,715 psi. The data provided to 
that point appears to be valid. Gage 4 failed after only 
5864 microstrain (between 40,000 and 40,279 psi), but i-s 
data also appears valid up to the point of failure. 
Extrapolation of the data to the edge of the hole shows the 
strain at failure to be approximately 13,500 microstrain. 
Plots of these data are given in Figures C.2-3. 

The photoelastic coating also started to sepa- 
rate from the panel in this case. It started separating 
from the lower right corner an 30,3)3 psi and progressed 
toward the hole. The separation did progress into the area 
of high stress gradient after loads of 35,000 psi, thus 
invalidating any further data from its photographs (see 
Figure C.10). Photoelastic photographic results are 
provided in Appendix C, Figures C.4-11. 

d. Reinforcement Configuration 2B 

Panel 2B had the larger reinforcement configura- 
tion with ±45® ply orientation. This reinforcement provided 
a 29% increase in strength with a failure at 41,429 psi. 

The P/Po was 71.4% for this panel. The first audible fiber 
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breaking occurred at 21,650 psi. Strain gags and photoe- 
lastic data indicate that this panel was no evenly loaded. 

Strain gage failures prior to final panel 
failure were a problem with this panel also. Sage 2 failed 
after 7595 miorostrain between 25,000 and 27, 500 psi. Gages 
1 and 3 failed after 7885 and 5484 microstrain respectively 
which was between 27,500 and 30,000 psi load on the panel. 
Data from all three gages appeared to be valid up to the 
failure point. Extrapolation of the data to the hole’s edge 
indicated that the panel failed when the strain at that 
point reached approximately 12,500 n Icrostrain, corre- 
sponding to about ^% elongation for the ±45® orientation. 
Plots of strain gage data are provided in Figures D. 2 and 
D.3. 

A comparision of strains at different stress 
levels was made of panel 2B. Figure 4.6 shows the strain 
gradient at 10, 20, 30 and 40,000 psi far field load on the 
panel. The gradients show that ^he panel behaves almost 
perfectly linearly. Within the accuracy of the strain gages 
(±5-6%) the strain at 40,000 psi, at all locations, is a 
multiple cf four of the strain at 10,000 psi. It is inter- 
esting to note that the the slight variations in strain at 
1.7” and 2.3” from the hole are maintained and linearly 
increase with load. 

The photographic data provided excellent 
material for analysis of fringe progression near the stress 
concentration. Figures D.4-11 in Appendix D show the fringe 
progression . 

Tables IV and V provide a summary of the experi- 
mental results. In Table IV the various failure values are 
compared. The failure load refers to the total panel 
failure, the load at which it came apart. Failure strain is 
the strain in the T direction at the edge cf the cutout, 90® 
to the direction of the applied load. The values of 
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Panel 2B: 45 Degree, 206 Percent Reinforcement 
10,000-40,000 PSI Tensile Load (+Py comparison) 
Micro-Strain Along Horizontal Axis of Symmetry 
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Figure 4.5 Panel 2B: Load Comparison. 
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Panel X-Axis (inches) 




microstrain are higher for the B (primarily 45°) configura- 
tion, but represent approximately strain of the fibers in 
the ply axis. It is interesting to note that the first 



TABLE I? 

Experiaental Results: Failure Values 



Panel 

No. 


Failure 

Load 

(psi) 


Failure 

Strain 

(micro) 


First Audible 
Fiber Failure 
Load (PSI) 


Failure Load 
Patio 
(P/Po) 


1 A 


42,590 


10,000 


21, 200 


73.4% 


2A 


44,940 


10,000 


21,512 


77.4% 


1 B 


42,500 


13,500 


21,339 


73.2% 


2B 


41,429 


12,500 


21,650 


71.4% 



audible fiber failure occured at virtually 
each panel. The failure load ratio (P/Po) 
the ultimate strength ratio of the notched 
un-notched panel. Ideally, the goal is to 
lost strength with reinforcement and reach 



the same load for 
is a measure of 
panel •'■o an 
regain all th= 
a P/Po ratio of 



100*55. 



Table V is a further comparison and analysis cf 
panel failure. As discussed above the reinforcement weight 
was compared to the volume of material removed from the 1.0 
in. dia. cutout. In the ”1” configuration 162% of the 
volume was replaced as reinforcement; in the ”2" configura- 
tion 206% was replaced. The "Increase in Failure Lead" and 
"Percent Improvement" refers to the increase over an unrein- 
forced panel with 1.0 inch diameter hole. The "Suecific 
Improvement" refers to the result of dividing the "Percent 
Improvement" by the percent of hole volume represented by 
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TABLE 7 

Experiaetttal Results: Failure Comparisons 



n 

Panel 

No. 


Reinf. I 
Weight 
(% hole 
volume) 


Incr eas e 
in Fail- 
ure Load 
(PSD 


P5 r 3 9 Q 
Improvement 


Specifi 
Impro vem' 


1 A 


162. 5% 


10, 447 


32% 


0. 200 


2A 


206. 3% 


12,797 
1 . 


'4 0% 


0.193 


1 B 


162. 5% 


10, 357 


32% 


0.198 


2B 


206. 3% 


9,286 ' 


1 

1 

1 

1 

1 '■o 

1 

1 

1 

1 


0. 140 



the the reinforcement; 
32% / 162.5% = 0.200. 
discussed in detail in 



using panel 
The signifi 
Chapter V. 



1A for exampl 
a nee of rhese 



results is 
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7. DISCOS SION OF RESOLTS 

A. STHHETRIC REIHFORCEHBHT RESOLTS 

The failure of all the panels orcured at the predicted 
location of the highest stress concentration, i.e. the point 
on the cutout 90® to the applied tensile load. They failed 
catastrophically, without warning or visible signs of immi- 
nent fracture. Consistent with the nature of composite 
(brittle) materials, there was no visible hole distortion. 
Continual micro-fiber breaking was evident audibly from its 
initiation at approximately 21,500 osi until final failure, 
but there was no sudden change in nnise level just prior to 
failure. 

1 • 0/9 0® Reinfo rce ment Or ienta t ion 

The ”A” configurations, which had reinforcements in 
the direction of the applied load (0/90®), appeared to have 
a predictable failure level. That is, when the point with 
maximum stress concentration (the point on the edge of •‘•he 
cutout 90® to the direction of the epplied load) reached 
approximately 1 0,000 micro-strain or 1,"5 elongation, the 
panel failed. Reinforcement reduced the stress around the 
hole by incr^sing the cross sectionel area over which "^he 
load was distributed. It allowed a higher load to be 
applied before the materiel next to the cutout elongated 1%. 
It would be expected that increasing the cross sectional 
area in regions of high stress conoentration would increase 
the ultimate strength of the panel. The results comparing 
specific gain in strength (% gain in strength / % added 
weight) in table IV seem to point toward anorher conclusion. 
The total applied volume of reinforcement would appear to be 
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ths principal factor in tha improvaaent in ultiinat® 
strength. Obviously, howaver, this result based upon such a 
small sample is hardly sufficient to do anything ether -^han 
point out the need for further testing. 

2. ±45^ Rei nf or cem en*: Ori en t at ion 

The ”8'* configurations with reinforcements oriented 
in the ±45® directions have results that do not appear to be 
as easily characterized as the ’’A'* conf igurat ion. The 
apparent strain at the edge of the hole and the failure load 
were both less for configuration 23 (the larger size rein- 
forcement) than for 1B. Both of the "B'* configurations did 
allow more strain at the elge of the hole than either of the 
”A” configurations. The primarily t45® orientation makes 
the material more compliant and allows higher strain before 
panel failure. 

The 2B configuration failed at a load lower than 
would have been expected considering the response of the 
other three panels. There is some evidence beth in the 
strain gage readings and the photoelastic photographs to 
indicate that the load was no-^ uniformly distributed across 
the width of the panel. Figures D. 4-11 show slightly higher 
strain gradients on the left side of the hole. Figure D. 2 
shows the strain gage values at 10, 300 psi. The variation 
between the two values at about 1.3 inches is the difference 
in strain between gages 7 and 8 (see Fig. D.1). The two 
gages are almost equidistant from the hole center, bu-^ on 
opposite sides of the panel. The difference in strain indi- 
cates an unequal loading condidition. This panel failed at 
a load ratio (P/Po) 6% less than the 2A configuration. This 
early failure is what would be expected considering the load 
condition. 
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The ability of the primarily ±45® (around the 
cutout) laminate to exhibit more compliance with apparen-ly 
little less in ultimate strength (oompare failure leads of 
panels 1A and 1B) is significant. This orientation may 
provide designers more flexibility to design lighter struc- 
tures when the load direction is known. The 0/90® 
orientation provides its maximum reinforcement when applied 
load is parallel to the Y axis. Any other load orientation 
would produce higher strain and earlier failure. 

3. Asymme tric H ound Re inf o rcem en ts 

The asymmetric reinforcemnt schemes used by O’Neill 
[Ref. 17 ] did not provide significant increases in strength 
over the basic notched panel. Although only a small number 
of specimens was tested, in no case was the improvement more 
than 12 %. The computational results for O’Niell's configu- 
rations 1A and 2A (±45® orientation) showed that for a 
10,000 lbs (8,929 psi) load the micro-strain for the point 
closest to the hole at the 90 degree from the tensile stress 
was : 





Front 


Ba ck 


\ ve ra 


1 A: 


1700 


3 300 


2500 


2A: 


2250 


3 200 


2225 



The strain gradient through the thickness of the panel at 
the hole edge was very steep, and could cause delamination 
due to the interlaminar shear forces, which would contribute 
significantly to early panel failure. Thus it is to be 
expected that symmetric reinforcements, which do not have 
this problem, should out -perform asymmetric reinforcement. 
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B. COMPARISOH OF COMPUTATIONAL AND EXPERIMENTAL RESULTS 



The straia distribution along ths X axis predicted by 
the finite element analysis is plottad with the srrain cage 
measured values in the appendicies (Figs. A through D.2) 

The finite element sclution is very close to the axp«‘ri- 
mental results. Very close to the hole the analytical 
solution predicts a very high strain gradient. This is 
execptionally difficult to measure with any accuracy [Ref. 
22]. At strains approaching 1% there is probably seme 
strain relief provided by matrix cracking and load tranfer 
within the laminate and some local deformation. The instru- 
mentation utilized was not accurate enough detect these 
reactions. The finite element code used does not account 
for these nonlinear behaviors. More than about D.05 inches 
from the cu*^out the analytical solution almost exactly 
matches the experimental results. Further comparisons might 
be more economically done computationally until an optimal 
configuration was found. This geometry could then be vali- 
dated experimentally. 

C. FAILURE PREDICTION 

The failure of the panels with 0/90® reinforcement ply 
orientation occurred when the apparent strain at the edge of 
the hole reached 1% elongation. The reinforcements reduced 
the stress in the region near the hole and thus allowed the 
panel to withstand a higher load before failing. The prin- 
cipal fibers failed at ^% elongation and panel fracture 
initiated. 

The ±45® reinforcements failed when the panel strain at 
the same point was considerably higher. However, when the 
indicated strain at the 90 degree point of the cutout is 
approximately 14,150 micro- strain, the strain on the 
individual 45® fibers (in the ply 1-2 exes) is 10,000 
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micro-strain (1% alongation) . Thsrafors, tha panals failai 
at approximatsly the point where the reinforcement fibers 
were strained beyond capacity. Beyond 1.1®S elongation the 
0/90® fibers In the base panel had probably all failed and 
the stress was being carried by the reinforcement fibers. 
Panel failure occured when these ±45® fibers were strained 
to their limit (1?5). 

While definitive predictor of failure for this type 
panel is not possible without further nesting it is obvious 
from even the few specimens that the ply strain limit of 
this material is about 1%. Damage no the panel (however 
minor) begins at about one- half the limit load and 
progresses steadily until failure. This damage, in itself, 
does not appear to be the primary cause of failure in low 
cycle applications. The presence of symmetric reinforcemen 
around a cutout reduces the stress and increases the load 
carrying ability of the notched panel. This increased 
ability to carry a load, up to almost 15 % of the unnotched 
panel strength, merits consideration in future weight- 
critical designs. Alternate reinforcing geometries such as 
increasing the thickness next to the cutout may yield even 
better results. 
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?I. SOMMARI AND COHCLOSIOHS 



A. GENERAL 

Symmetric reinforcement of cutouts graph! to- spoxy panels 
is a viable method of significantly reducing the strain in 
the vicinity of a stress raiser and thus increasing panel 
strength when the panel is subiected to uniaxial tensile 
stresses. The best reinforcement oonfiguration for this 
loading condition cannot be determined with the limited 
results of this study. Some general observations can be 
made, however; 

1. The 0/90® ply reinforcement provided the best strain 
reduction; the panel was made stiffer. 

2. Strain reduction due to 0/90® degree reinforcement 
increased proportionally to the amount of reinforcement 
added. 

3. The increase in panel failure stress per unit weight 
of reinforcement was approximately constant for three of 
the four specimens. 

4. The ±45® reinforcements allowed 25 to 35 percent mere 
flexibility (compliance) than the 0/90® reinforcements. 

5. A strain of 1% for the fibers of a symmetric rein- 
forcement (no induced curvaturei appears to be a good 
predictor of panel failure. 

6. Symmetric reinforcement provided a 29-40% improvement 
over the unreinforced notched panel, versus the 5-12% 
improvement given by asymmetric reinforcement. 
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9. The DIAL finite elament program provides accurate 
results that correlate well with experimental data. 

These conclusions are based on the small number of specimens 
tested in this study. The data for these samples do appear 
to be reliable and accurate. 

B. SUGGESTED PURTHEH RESEARCH 

Further research in this area would appear to be of 
significant value. An attempt to verify the apparently 
direct relationship between added reinforcement volume 
(weight), and increase ultimate failure stress would seem to 
be the next step. If this relationship is of limited appli- 
cability, then the question of reinf oroement thickness 
(three or more plies) seems to be the logical next step. 
Additional questions which could be addressed include: 

1. Is there an optimum reinforcement area? That is, is 
there a rein f orcement-diameter-to-ho le-diameter ratio 
that provides the most efficient reinforcement? 

2. Which increases the reinforcement effect more effi- 
ciently: a large diameter reinforcement or a greater 
thickness? 

3. Is 1*^ fiber elongation an adequate failure criterion, 
especially in the region of highest strain gradient, near 
the hole? 

4. Do the data from analysis and tests of this type 
composite material loaded in uniaxial tension apply to 
other types of loading? 

Another possible study would be the investigation of 
submerging the reinforcement under one or more plies of the 
laminate. 
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Figure A» 1 Panel 1 A; Strain Gage Locations. 
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TABULATED DATA ONLY 



TABLE 71 



Panel 1A; Strain Gage Locations and Strain at 10,000 psi 

(Far Field) 



G# 


X-Coor d. 


Y-Coord. 


Strain 


1 


0. 5570E+00 


0 .0008E+00 


0.2061E-02 


2 


0.5870B + 00 


0 .0920E+00 


0. 1742E-02 


3 


0. 6690E+00 


0 .0120E+00 


0. 1392E-02 


4 


0.8610E+00 


0 .0470E+00 


0. 1210E-02 


5 


0. 1021E+01 


0 .0820E+00 


0. 1054E-02 


6 


0. 1 160E + 01 


0 .04 10E+00 


0. 1006E-02 


7 


0. 1472E+01 


0 .0740E+00 


0. 1052E-02 


8 


0. 1703E + 01 


0.0080E+00 


0. 1 142E-02 


9 


0. 1856E + 01 


0 .0080E+00 


0.1 135E-02 


10 


0.2013E + 01 


0 .01 10E+00 


0. 1 162E-02 


1 1 


0. 2343E+01 


0 .0180E+00 


0. 1 165E-02 


12 


0. 2495E+01 


0 .0180E+00 


0. 1231E-02 


13 


0. 2647E+01 


0 .0180E+00 


0. 1 182E-02 


14 


0. 2810E + 01 


0 .0210E+00 


0. 1251E-02 


15 


0. 2972E + 01 


0 .0210E+00 


0. 1 199E-02 


16 


0. 3127E + 01 


0 .0230E+00 


0. 1260E-0 2 


17 


0. 4840E+00 


0 .3480E+00 


0. 1644E-02 


18 


-0.0190E+00 


0.5970E+00 


-0.3660E-03 


19 


-0. 8610E+00 


0 .0470E+00 


-0.3800E-04 


20 


0.5 05 0E + 00 


-0 .0320E+00 


-0.6570 E-03 


21 


-0. 1477E+01 


0 . 1365E+01 


-0.4800E-03 


22 


-0. 1 413E+01 


0.1431E+01 


0.3980E-03 


23 


-a. 1 369E+01 


0 . 1493E+01 


0.1433E-02 


23 


-0. 0170E+00 


0 .4578E+01 


0. 1217E-02 
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Panel 1A: 0/90 Degree, 163 Percent Reinforcement 

Far Field 10,000 PSI Tensile Load (+Py) 
Micro-Strain Along Horizontal Axis of Symmetry 




(u|/uj) uieJis-ojoii/M 

Figure A. 2 Panel 1A: Strain Along X Axis at 10,000 psi. 
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Panel X-Axis (inches) 
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Figure A. 3 



Panel 1A: Hicrostrain vs. Tensile Load, 
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Applied Tensile Stress (xlOOO psi) 
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Figure A-6 Panel 1A: Photoelastic Panel at 15,000 psi. 
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Figure A. 8 



Panel 1A: Fracture Line, 
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Figure A. 9 Panel 1A: Eps-T (x 10<^| Contours Near Cutout. 
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Figure A. 10 Panel 1A: Eps-X (x 10*> Contours Near Cutout. 
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Figure A. 11 Panel 1A: Eps-XT (x 10*) Contours Near Cutout. 
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APPENDIX B 



PANEL IB 
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TABULATED DATA ONLY 



TABLE VII 



Panel IB: Strain Gage Locations and Strain at 10,000 psi 

^ (Far Field) . 



G# 


X-Coord. 


Y-Coord. 


Strain 


01 


-0.5505E+00 


0 .0060.E+00 


0. 311 IE-02 


02 


-0.6785E+00 


0 .0125E+00 


0.2158E-02 


03 


-0. 8065E+00 


0 .0030E+00 


0. 1606E-02 


04 


-0. 9795E+00 


0 .0010E+00 


0. 1473E-02 


05 


0. 1 195E + 01 


0 .0210E+00 


0. 1398E-02 


06 


-0. 1300E+01 


0 .0225E+00 


0. 1350E-02 


07 


0. 1476E + 01 


0 .0075E+00 


0. 1236E-02 


08 


0. 1636S+01 


0 .0065E+00 


0. 1287E-02 


09 


0- 1801E + 01 


0 .0050E>00 


0. 1279E-02 


10 


0. 1 960E+01 


0 .0030E+00 


0.1322E-02 


1 1 


0. 2124E+01 


-0 .0020E^00 


0. 1338E-02 


12 


0. 2278E+01 


-0 .0065E+00 


0. 1346 E-02 


13 


0.5555E+00 


0 .0070E+00 


-0. 1789E-02 


14 


0. 1 120E+01 


0 .0210E+00 


-0.2180E-03 


15 


-0. 1915E+01 


0 .0220E+00 


-0. 1920E-03 


16 


0. 0380E+00 


0 .5520E+00 


-0.6050E-03 


17 


-0. 0075E+00 


-0 .5760E+00 


0.3250E-03 


18 


0. 1515E+00 


0 .7723E+01 


0. 1604 E-02 


19 


0. 0840E+00 


0 .7794E+01 


0.5830E-03 


20 


0. 0195E+00 


0 .7871E+01 


-0.2860E-03 
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Panel IB: 45 Degree, 163 Percent Reinforcement 
Far Feild 10,000 PSI Tensile Load (+Py) 
Micro-Strain Along Horizontal Axis of Symmetry 




(u!/u|) u|eJis-oJOj|/M 

Figure B.2 Panel IB: Strain Along X Axis at 10,000 psi. 
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Panel X-Axis (inches) 
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Figure B.3 Panel IB; Microstrain vs. Tensile Load. 
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Applied Tensile Stress (xIOOO psi) 




Figure B,5 



Panel IB: 



Photoelastic Panel at 10,000 



psi . 
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Figure B.7 Panel IB: Photoelastic Panel at 20,000 psi- 



73 





Figure B.9 



Panel 1B: Photoelastic Panel at 30,000 psi. 
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Figure B.11 



Panel IB: 



Photoelastic Panel at 40,000 psi. 
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Figure B. 12 Panel IB: Fracture Line. 
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Figure B-13 Panel 1B; Eps-Y (xIO*) Contours Sear Cutout, 
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Figure B.14 Panel 1B: Eps-X (xlO*) Contours Near Cutout. 
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.15 Panel IB: Bps-XY (xIO*) Contours Near Cutout. 
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PANEL 2A 
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TABULATED DATA ONLY 



TABLE 7III 



Panel 2 A: Strain Gage Locatipns and Strain at 10,000 psi 

^ (Far Field) 



G# 


X-Coor d* 


Y-Coord. 


Strain 


01 


0.5990E+00 


-0 .0025E+00 


0. 1715E-02 


02 


-0.6220E+00 


-0 .01 15E+00 


0. 1784 E-02 


03 


0. 7400E+00 


-0.01 05E+00 


0. 1534E-02 


04 


0.8885E+00 


-0 .0225E+00 


0.1 162E-02 


05 


0. 1 114E+01 


-0.0200E+00 


0.1 122E-02 


06 


-0. 1386E+01 


-0 .0195E+00 


0. 1 198E-02 


07 


0. 1447E+01 


-0 .0105E+00' 


0. 1 181E-02 


08 


0. 1604E+01 


-0 .0165E+00 


0. 1228E-02 


09 


0. 1 868E+01 


-0 .0155E+00 


0. 1265E-02 


10 


0. 2023E+01 


-0 .0100E+00 


0. 1255E-02 


11 


0. 2186E+01 


-0 .0060E+00 


0. 1321E-02 


12 


0. 2339E+01 


-0 .0050E+00 


0. 126 IE-0 2 


13 


-0. 6 22 OE +00 


-0 .01 15E+00 


-0.3200E-04 


14 


-0. 1386E+01 


-0 .0195E+00 


-0. 1690E-03 


15 


-0. 2060E+01 


0 .0010E+00 


-0.3520E-03 


16 


-0. 0030E+00 


0 .5630E+00 


-0.4810E-03 


17 


0. 0085E+00 


-0 .6420E+00 


0.7200E-04 


18 


-0. 137 0E+00 


-0 .7039E+01 


-0.3380E-03 


19 


-0. 0695E+00 


-0 .6'970E+01 


0.4080E-03 


20 


-0. 0025E+00 


-0.6907E+01 


0. 1320E-02 
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Panel 2A: 0/90 Degree, 206 Percent Reinforcement 

Far Field 10,000 PSI Tensile Load (+Py) 

Micro-Strain Along Horizontal Axis of Symmetry 
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Figure C.2 Panel 2A: Strain Along X Axis at 10,000 psi. 
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Panel X-Axis (inches) 





(U!/U|) uieJis-OJ^M/M 



Figure C«3 Panel 2A; Hicrostrain vs. Tensile Load. 
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Applied Tensile Stress (xIOOO psi) 




w 




Figure C.4 Panel 2A; Photoelastic Panel at 5,000 psi 



85 




Figure C.5 Panel 2A: Photoelastic Panel at 10,000 psi. 
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Figure C,7 Panel 2k: Photoelastic Panel at 20,000 psi. 
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Figure C, 12 



Panel 2A: Fracture Line. 
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Figure C,13 Panel 2A: Eps-Y (xIO*) Contours Hear Cutout. 
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Figure C.14 Panel 2A: Eps-X (xIO*) Contours Near Cutout- 
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Figure C.15 Panel 2A: Eps-XY (xIO*) Contours Near Cutout. 
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AP PENDIX D 
PANEL 2B 
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TABULATED DATA ONLY 



TABLE IX 



Panel 2B: Strain Gage Locations and Strain at 10,000 psi 

(Far Field) 



G# 


X-Coor d. 


Y-Coord. 


Strain 


01 


0. 5645E+00 


-0 . 0065E+00 


0.2697E-02 


02 


-0. 5665E+00 


0 .0085E+00 


0.2840E-02 


03 


0. 7200E+00 


0 .0010E+00 


0. 1779E-02 


04 


-0. 7520E+00 


0 .0130E+00 


0. 1739E-02 


05 


0. 8845E+00 


-0.0070E+00 


0. 1365E-02 


06 


-0. 1 128E+01 


0 .0015E+00 


0. 1 135E-02 


07 


0. 1 335 E +01 


0 .0055E+00 


0. 1262E-02 


08 


-0. 1 374E+01 


0 .0245E+00 


0. 1058E-02 


09 


-0. 1 533 E +01 


0 .0240E+00 


0.1 1 1 1E-02 


10 


-0. 1697E+01 


0 .0230E+00 


0. 1 107E-0 2 


1 1 


-0. 1 852E+01 


0 .0165E+00 


0. 1 164E-02 


12 


-0. 2019E+01 


0 .0165E+00 


0. 1082E-02 


13 


-0. 2170E+01 


0 .0165E+00 


0.1 160E-02 


14 


-0.2338E+01 


0 .0165E+00 


0. 1 149E-02 


15 


-0. 2492E+01 


0 .0165E+00 


0. 1 144E-02 


16 


-0. 2 655E + 01 


0 .0165E+00 


0. 1 151E-02 


17 


-0. 2815E+01 


0.0165E+00 


0. 1 1213-02 


18 


-0. 7520E+00 


0 .0130E+00 


-0.3070E-03 


19 


0. 1710E+01 


0 .0100E+00 


-0.2380E-03 


20 


0.0 100E+00 


-0 .59 15E+30 


-0.6220E-03 


21 


-0. 0 08 0 E +00 


-0.7746E+01 


0. 1404S-02 


22 


-0. 0790E+00 


-0 .78 12E+01 


0.6610E-03 


23 


-0. 1 475E+00 


-0 .7878E+01 


-0.4060E-03 
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Panel 2B: 45 Degree, 206 Percent Reinforcecement 

Far Field 10,000 PSI Tensile Load (+Py) 
Micro-Strain Along Horizontal Axis of Symmetry 




(U!/U!) uiens-ojoii/vj 

Figure D.2 Panel 2B; Strain Along X Axis at 10,000 psi. 
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Panel X-Axis (inches) 





Figure D,3 Panel 2B: Microstrain vs. Tensile Load. 
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Applied Tensile Stress (x1000 psi) 




Figure D, 4 



Painel 2B: Photoelastic Panel at 5,000 psi. 




Figure D. 5 Panel 2B; Photoelastic Panel at 10,000 psi. 
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Figure D.7 Paael 2B Photoelastic Panel at 20,000 psi. 
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Figure D.8 



Panel 2B Photoelastic Panel at 25,000 psi- 
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Figure D.10 Panel 2B: Photoelastic Panel at 35,000 psi 




Figure D.11 



Panel 2B: Photoelastic Panel at 40,000 psi 
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Figure D. 12 Panel 2B: Fracture Line- 
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Figure D.13 Panel 2B: Eps-Y (xIO*) Contours Near Cutout. 
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Figure D.14 Panel 2B: Eps-X (xIO*) Contours Near Cutout. 
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Figure D.15 Panel 2B: Eps“XT Contours Near Cutout. 
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